We investigated electron-beam lithography with an aberration-corrected scanning transmission electron microscope. We achieved 2 nm isolated feature size and 5 nm half-pitch in hydrogen silsesquioxane resist. We also analyzed the resolution limits of this technique by measuring the point-spread function at 200 keV. Furthermore, we measured the energy loss in the resist using electron-energy-loss spectroscopy. PMMA and calixarene showed 6 nm features and a 15 nm half-pitch. The results on NaCl showed ~2 nm features and 2 nm half-pitch, but with excessive exposure dose (~500 times higher than conventional resists). Electron-beam-induced deposition (EBID) is also capable of 2 nm feature size and 2 nm half-pitch, 22 but this technique is also 100 to 1000 times slower than EBL. Thus, a technique is needed that can achieve sub-5-nm-length-scale resolution at the dose level of conventional resists.
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Electron-beam lithography (EBL) is widely used to achieve high resolution patterns [1] [2] [3] [4] [5] [6] [7] in nanotechnology research and development, but has been limited to 4 nm features 6, 8 and 8 nm half-pitch 6 (half of the periodicity of dense features) using conventional resists. A critical step to understand and thereby improve upon EBL resolution is quantifying the electron-beam deposited energy in the resist at the nanometer scale, i.e. the point-spread function (PSF). An accurate measurement of the PSF is fundamental to measuring the overlap of deposited energy in the resist that limits pattern density (half-pitch) and gives rise to proximity effect. 9, 10 We measured the PSF at 200 keV from zero to 20 nm nm radii by combining an experimental method 11 and a calculation based on a sub-4-nm test structure. We also performed electron energy loss spectroscopy (EELS) to identify the pathways of energy loss in the resist.
Phenomena that limit EBL resolution include 5 : spot size, electron scattering, secondaryelectron range, resist development, and mechanical stability of the resist. Many approaches have been used to investigate EBL resolution limits, addressing: electron-resist interactions, 2, 9, [11] [12] [13] resist processing, [14] [15] [16] and development. [17] [18] [19] In order to improve the resolution, STEM exposures at 100-350 kV acceleration voltages have been done to reduce resist-interaction volume (including the reduction of spot size). STEM lithography has also been done with conventional resists, such as poly(methyl methacrylate) (PMMA) 20 and calixarene 21 , and in low-molecularweight resists that are sublimated by electron-beam irradiation, such as NaCl. 3 The results on PMMA and calixarene showed 6 nm features and a 15 nm half-pitch. The results on NaCl showed ~2 nm features and 2 nm half-pitch, but with excessive exposure dose (~500 times higher than conventional resists). Electron-beam-induced deposition (EBID) is also capable of 2 nm feature size and 2 nm half-pitch, 22 but this technique is also 100 to 1000 times slower than EBL. Thus, a technique is needed that can achieve sub-5-nm-length-scale resolution at the dose level of conventional resists.
Here we show, with an aberration-corrected scanning transmission electron microscope (STEM), the fabrication of 2 nm isolated features and a 5-nm-half-pitch dot array using hydrogen silsesquioxane (HSQ) resist: to our knowledge, these are the highest resolution patterns of EBL achieved in conventional resists. We anticipate that this EBL technique would enable the fabrication of novel plasmonic nanostructures, 23, 24 molecular devices, 25, 26 and bio-inspired functional materials. 27 We compared this technique with a 30 keV EBL system by measuring for the first time the PSF at 200 keV from zero to 20 nm radius, and calculating the resist energydensity contrast.
We investigated the resolution limits of EBL with a dedicated aberration-corrected STEM for a minimum spot size limitation (0.15 nm) and we used a 10-nm-thick SiNx membrane as substrate for transmission electron microscopy (TEM) metrology (see details of exposure and metrology in SI). Thus, the EBL resolution was limited by the minimal forward scattering crosssection of 200 keV electrons, secondary-electron range, and resist development limitations at nanoscale. 6 The resist used was HSQ because it provides the highest resolution available. 4, 6 We used this system to determine the minimum realizable half-pitch and isolated lines with the smallest line width. These results gave us the practical resolution limits of the STEM as an EBL tool. Then, we measured the PSF to evaluate the fundamental resolution limit of the system. We used the measured PSF to calculate the energy-density contrast at 200 keV and compared with a 30 keV exposure. Figure 1 shows the patterning capabilities of the STEM lithography technique. Figure 1a shows the schematics of the fabrication and metrology processes (see details in SI). After development, no apparent resist residues between the dots were found in the fabricated structures, as shown in Figure 1B and 1C. The 5-nm-half-pitch structure in Figure 1C represents a significant improvement over previous reports at 30 keV. 6 Challenges associated in fabricating these small features include resist collapse 28 and adhesion problems. Figure 1D shows an HSQ isolated line with the smallest width that did not collapse during development, which had average line width of 4 nm. To avoid resist collapse, we fabricated network-like structures (see details and Figure S2 in SI). As shown in Figure 1E and 1F, 2 nm features were realized. We were also able to fabricate down to 1 nm features, but with poor uniformity (see details and These minimum features were only achieved by the combined use of sub-nanometer spot size, proper STEM stability, high-contrast development (contrast value, γ = 10), high-resolution (and sub-nanometer line-width roughness) capabilities of HSQ resist, and sub-nanometer metrology obtained with TEM. In addition, the ultrathin SiNx membrane should not affect the resolution compared to bulk substrates. The reason for this robustness is that the buildup of background energy density caused by backscattered electrons from a bulk substrate would only be significant for dense patterns with area on the order of the backscattered electron range (~10 µm), which is not the case in Figure 1 .
We measured the dose for the patterns above (which is inversely proportional to pattern speed), in order to compare with other patterning methods. For instance, the dose to expose the 2 nm features (8 nC/cm) was 250 times smaller than used to expose NaCl resists, 3 and ~1000 times smaller than used for electron-beam-induced deposition. 22 From the reproducibility point of view, we measured the radii deviation between two distinct exposures with the same dose, i.e., dose latitude. The relative radii deviation was 13% (see details in SI).
Understanding the PSF is key for evaluating the resolution capabilities of EBL. To compare the resolution limit of this technique with others, we measured the PSF and used it to calculate the energy-density contrast (K) for a given pitch (p) (see calculation details in SI). In the PSF measurement in Figure 2A , we were not able to achieve the fabrication of isolated posts with radius smaller than 2 nm. Then, we calculated a PSF fitting function that would simulate the "H"-shaped feature shown in the leftmost inset of Figure 2B to obtain the PSF for sub-2 nm radius. Based on a match of critical dimensions and radius of curvature between the "H"-shaped feature and the energy density contours in the rightmost inset of Figure 2B Some challenges still remain to reaching sub-2-nm features and sub-5-nm half-pitch, such as feature collapse due to high-aspect-ratio features and capillary force during development, poor adhesion of the resist to the substrate, and mass-transport limitation during development. 6 Thus, a resist/development system that allowed patterns to be resolved with smaller K, should result in even higher resolution than 5 nm half-pitch being realized. In addition, we did not observe isolated features smaller than 4 nm. One hypothesis is that HSQ may have a minimum stable volume after development. Therefore, linear structure may be more stable than isolated (or post) structures due to larger volume and smaller surface-to-volume ratio. However, further experiments need to be done to confirm this hypothesis.
The complexity of resist exposure, containing many energy loss processes, makes the direct measurement of the PSF a major challenge in beam-based lithography. For this reason, understanding the effects of secondary electrons in exposures have been limited to analytical 29 and Monte-Carlo models 12, 13, 30, 31 . To quantify the energy loss pathways in EBL, we directly measured the energy loss in HSQ using electron energy loss spectroscopy (EELS). SiNx membrane. We found that the sample with HSQ had 35% higher energy loss than the sample with only SiNx. We analyzed HSQ and SiNx samples with varying thicknesses to determine the proportion of energy loss only in HSQ. For the samples in Figure 3 , we estimated that the energy loss in the HSQ was 42% of the total energy loss (see method in SI). We also observed in Figure 3 the bulk plasmon loss peak at 22.5 eV. This bulk plasmon peak is the largest energy loss component in HSQ. Generation of secondary electrons from plasmon decay [31] [32] [33] [34] in the resist could be a significant route to resist exposure and may limit the resolution.
However, further investigation would be necessary to validate this hypothesis. nm-thick SiNx (red). The spectra were normalized by dividing the electron counts by its maximum value. The difference between these two spectra represents the energy loss in HSQ and is shown at the top (green -multiplied by ten for clarity), which represents ≈ 42% of the total energy loss. The bulk plasmon loss is the peak with highest intensity, at 22.5 eV. The inset shows a magnified view of the bulk plasmon loss peak.
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